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Solid-state quantum dots are promising candidates for efficient light-matter interfaces connecting
internal spin degrees of freedom to the states of emitted photons. However, selection rules prevent
the combination of efficient spin control and optical cyclicity in this platform. By utilizing a photonic
crystal waveguide we here experimentally demonstrate optical cyclicity up to ≈ 15 through photonic
state engineering while achieving high fidelity spin initialization and coherent optical spin control.
These capabilities pave the way towards scalable multi-photon entanglement generation and on-chip
spin-photon gates.
Single solid-state spins play an important role in mod-
ern quantum information technologies [1–3]. A key re-
source is a coherent light-matter interface connecting
spins and photons compatible with high fidelity spin
manipulation and long distance distribution of quan-
tum states. Self-assembled semiconductor quantum dots
(QDs) are currently considered one of the most promis-
ing systems thanks to their high photon generation rate,
good optical and spin coherence properties, and efficient
integration into photonic nanostructures [4]. The latter
is important for realizing strong light-matter interaction
and high collection efficiencies [5, 6].
An application particularly well suited to QDs is the
deterministic generation of multiphoton entangled states
such as photonic cluster states [7]. These maximally en-
tangled states have applications in measurement-based
quantum computing [8] and quantum repeaters [9, 10]
and so far one-dimensional cluster states containing 3
qubits have been generated with QDs [11]. A recent pro-
tocol based on time-bin encoded photonic qubits has been
put forward allowing scaling up to tens of high-fidelity
entangled photons for experimentally relevant parame-
ters [12, 13]. Crucially, this protocol requires an optical
transition with high cyclicity, i.e. a transition where the
excited state decays selectively to one of the two ground
states thereby preserving the spin.
In the context of QDs, the cyclicity corresponds to the
ratio between the decay rates of the vertical transitions
and the diagonal transitions, see Fig. 1a. High cyclicity
can be achieved by operating the QD in an out-of-plane
magnetic field (Faraday geometry) where the diagonal
transitions are only weakly allowed [14]. This configu-
ration, however, obstructs fast all-optical spin control.
For this reason, an in-plane magnetic field (Voigt geom-
etry) has been indispensable for achieving spin control
as demonstrated in bulk media [15–17], cavities [18–20]
and nanobeam waveguides [21]. In this geometry, verti-
cal and diagonal transitions posses equal magnitude pre-
cluding cycling transitions. However, cyclicity may be
induced by a nanostructure through selective enhance-
ment of the optical transitions. Such an enhancement has
recently been demonstrated in cavity systems including
single rare-earth ion spins [22]. QDs coupled to photonic
crystal cavities [18, 19] and micropillar cavities [12, 20]
also exhibit selective enhancement, although the cyclicity
has not been explicitly demonstrated.
Here, we report the first realization of QD cycling
transitions in the Voigt geometry due to the selective
enhancement provided by a photonic crystal waveguide
(PCW). The mechanism is fundamentally broadband as
it relies on the orthogonally polarized dipoles having
vastly different projections along the local electric field,
as quantified by the projected local density of optical
states in the PCW [4]. This approach has several ad-
vantages as it allows high cooperativity of multiple non-
degenerate optical transitions, does not require substan-
tial energy splittings of the optical transitions, and allows
direct integration into photonic circuits. We measure a
cyclicity of 11.6 (14.7) for the negative(positive) charge
states of the same QD despite a 3.8 nm spectral sep-
aration. In addition we achieve 98.6% spin preparation
fidelity, T ∗2 = (21.4± 0.7) ns spin dephasing time, and all-
optical spin control on the positively charged QD. These
achievements together with the efficient photon collec-
tion of the PCW make our platform highly advantageous
for the generation of multiphoton entangled states and
the implementation of deterministic spin-photon quan-
tum gate operations [9, 23].
The nanostructure under consideration is a PCW made
from a suspended GaAs membrane and connected to
grating couplers at either ends, see Fig. 1c. The mem-
brane comprises a p-i-n diode grown in the z-direction
with the intrinsic layer containing self assembled InAs
QDs [24]. Applying a forward bias voltage deterministi-
cally charges the QD with a single electron (XM config-
uration) whereas additional optical induction allows the
creation of a metastable hole state (XP configuration)
with > 16 µs lifetime (see supplementary material).
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FIG. 1. (color online). (a,b) Energy level diagram of a (a)
negatively charged and (b) positively charged QD in an in-
plane magnetic field. ↑, ↓ indicate electron spins and ⇑,⇓ indi-
cate hole spins. The four linear dipoles have equal decay rates
in bulk but are selectively enhanced by the waveguide. (c)
Scanning electron microscope image of the two sided waveg-
uide containing a PCW section, QD and grating couplers.
Circular insert shows ideal orientation of linear dipoles for
selective waveguide coupling.
Applying an in-plane magnetic field results in a four
level spin system for the XM (Fig. 1a) and XP (Fig.
1b). The XM (XP) systems comprise two Zeeman split
ground states with a single electron (hole) spin and two
Zeeman split trion states containing a magnetically ac-
tive hole (electron) and a singlet of two electrons (holes).
The selection rules, which are functionally identical for
XM and XP, result in two Λ-systems, each containing
an x- and a y-polarized linear dipole. While the asso-
ciated radiative decay rates γx and γy are identical in
bulk [25] the photonic environment of the PCW may se-
lectively enhance and suppress the orthogonally polarized
transitions, yielding a cyclicity C = γy/γx ≥ 1. The de-
cay rates can be further decomposed into a waveguide
(wg) and radiative (rad) component, γi = γi,wg + γi,rad,
i = {x, y}. γx,rad and γy,rad are determined by the cou-
pling to a continuum, are similar in magnitude and gen-
erally strongly suppressed throughout the PCW [26]. In
contrast, γx,wg and γy,wg are determined by the projected
coupling onto the single polarized waveguide mode and
can thus vary between zero and a highly enhanced rate
given by the high optical density of states. This is the
origin of the high cyclicity in the PCW which can be
sensitively controlled by the position of the QD [26].
We now determine the cyclicity of the XM and XP
systems with the two-color pump/probe pulse sequence
in Fig. 2a. For XM, a narrow band laser pulse with
fixed power prepares |↑〉 by driving |↓〉 → |⇓↓↑〉. The
probe pulse performs the opposite operation, driving
|↑〉 → |⇑↓↑〉 and preparing |↓〉. Both pulses are y-
polarized to minimize coupling to the x-transitions. In
the limit of C  1 the rate of optical spin pumping γosp
saturates according to
γosp = γx
∫ ∞
−∞
Ω2p
2Ω2p + γ
2
0 + 4∆
2
n
N (∆n;σ)d∆n , (1)
where γ0 = γx + γy is the excited state lifetime, Ωp =
γ0
√
P/Psat is the probe Rabi frequency, P is the opti-
cal power and Psat is the saturation power. For com-
pleteness, we include slow spectral diffusion via the de-
tuning ∆n which is drawn from a normal distribution
N (∆n;σ) with standard deviation σ, although the ef-
fect on the cyclicity estimate turns out to be minor
(< 3%). By varying the probe power and fitting the
fluorescence histograms (Fig. 2b) a set of spin pumping
rates are obtained. These rates are plotted in Fig. 2c
and fitted with (1). A characterization (supplementary
material) of the XM yields γ
(XM)
0 = (3.07± 0.06) ns−1
and σ(XM)/2pi = 140 MHz. The pumping measurement
then yields γ
(XM)
x = (0.243± 0.005) ns−1 and a cyclic-
ity of C(XM) = (γ
(XM)
0 − γ(XM)x )/γ(XM)x = 11.6± 0.4.
The XP cyclicity is measured with the same method but
with the inclusion of a 100 ns 830 nm laser pulse which
populates [27] the hole via the neutral exciton (X0), see
Fig. 2a. Here we find σ(XP )/2pi = 345 MHz, γ
(XP )
0 =
(2.48± 0.02) ns−1, γ(XP )x = (0.158± 0.002) ns−1 and a
cyclicity of C(XP ) = 14.7± 0.2. Hence, XM and XP
both demonstrate substantially increased cyclicity owing
to both an inhibited γx and an enhanced γy compared
to the expected bulk values [25]. This enhancement oc-
curs for both XM and XP despite a spectral separation
of 3.8 nm, demonstrating the broadband enhancement
provided by the waveguide.
High-fidelity spin initialization is the essential start-
ing point for applications of spin-photon interfaces. By
analysing the steady state fluorescence at the end of the
spin pumping histograms we estimate lower bounds of
the spin initialization fidelitities F
(XM)
s = 〈↓| ρ |↓〉 =
99.1% and F
(XP )
s = 〈⇑| ρ |⇑〉 = 98.6%, which are the
highest values so far reported in photonic nanostruc-
tures [12, 18, 19]. In contrast to cross polarization ex-
periments, our laser polarization control allows us to
avoid driving the x-transitions which otherwise reduce
the initialization fidelity through re-pumping. The 1/e
spin pumping time when driving a y-transition is limited
to 2/γ
(XP )
x = 12.7 ns, although driving an x-transition
would result in significantly faster initialization at the
cost of reduced fidelity owing to the x-transition’s in-
creased frequency overlap.
To further investigate the origin of the cyclicity we
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FIG. 2. (color online). (a) Pulse sequence with two resonant
pumping pulses and an additional photocreation pulse used to
populate the hole. Level structures correspond to Fig. 1b and
Fig. 1c. (b) Spin pumping fluorescence histograms taken at
By = 2 T. Yellow, red and blue traces show laser pulse shapes
while purple (green) traces show fluorescence from XM (XP)
experiments with laser background subtracted. The green
curve is shifted by ×0.1 for clarity. Black lines indicate fits
with the model I(t) = I0 + I1e
−γospt. (c) Extracted pumping
rates during the probe pulse as a function of probe power for
XP and XM. Saturation fits follow Eq. (1) and only contain
γx and Psat as free parameters. Unfilled dots correspond to
traces in (b).
explicitly probe the coupling between the XM dipoles
and the mode of the PCW. First, we analyze the spon-
taneous emission spectrum following continuous wave p-
shell excitation. This method allows effective elimina-
tion of laser background (see Methods) and population
of both negative trions. The emission is analyzed using
a scanning Fabry-Perot filter cavity, revealing all four
optical transitions, see Fig. 3a. By fitting the spec-
trum we extract the intensity ratios Iy1/Ix1 = 21.8± 0.5
and Iy2/Ix2 = 20.3 ± 0.6 which do not differ signifi-
cantly (1.9σ deviation) and quantify the trions’ strong
preference to decay into the PCW via the y-transitions.
Taking the average, we estimate a waveguide-coupling
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FIG. 3. (color online). (a) Emission spectrum of the XM at
By = 1.3 T generated by p-shell excitation and analyzed by a
scanning Fabry-Perot cavity. The insert shows the re-ordering
of the emission peaks due to the cavity. ν0 = 315.97 THz.
(b) Normalised waveguide transmission in the presence of an
XM in the cotunnelling regime. Colored lines denote differ-
ent in-plane magnetic field orientations. A strong asymmetry
between the dip amplitudes of the x and y dipoles persists for
all magnetic field directions. ν1 = 315.94 THz.
asymmetry of A(XM) = γ
(XM)
y,wg /γ
(XM)
x,wg = 21.1 ± 0.4. It
should be stressed that this measurement only probes the
dipole/waveguide coupling where as the cyclicity also re-
ceives contributions from radiative modes causing it to
be lower.
Next, we probe the coherent interaction between the
four QD dipole transitions and the waveguide mode
by measuring waveguide transmission. Previous exper-
iments on charged QDs in waveguides were conducted
on XM in a Faraday configuration where single photon
switching was demonstrated [28]. In the present study
we observe all four XM dipoles in the Voigt geometry.
To avoid optical spin pumping we operate in the co-
tunnelling regime where tunnelling to the back contact of
the diode provides a randomization of the electron spin
with the rate κco/2pi ≈ 1 − 10 MHz [14]. In the limit
κco  γosp spin flips randomize the spin in a thermal
state ρˆ ≈ 0.53|↑〉〈↑| + 0.47|↓〉〈↓| given the temperature
T = 4 K and in a 2 T magnetic field. Fig. 3b shows
the XM transmission when operating in the co-tunneling
regime. We observe a 0.66 GHz linewidth (1.35× nat-
ural linewidth) and transmission dip amplitudes up to
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FIG. 4. (color online) Coherent spin control in a By = 2 T magnetic field. (a) Raman energy level diagram. The detuned Raman
laser (purple) results in an effective ground state coupling ΩMW . (b) Readout fluorescence of XP following a 20 ns Raman
pulse with varying power and detunings ∆R = 290 GHz (red) and ∆R = 790 GHz (blue). The maximum ΩMW /(2pi) = 150 MHz
is limited by the available optical power and the weak free space coupling of the PCW. (c) Readout fluorescence of XP after
applying a Ramsey sequence with two pi/2 pulses optimized using the data in (b). The signal is fit using Eq. (2) resulting in
an effective spin dephasing time of T ∗2 = (21.4± 0.7) ns. Short pulse delays are unavailable due to equipment limitations.
39% where a factor ≈ 2 reduction in the transmission
dips stems from the thermal mixture. This pronounced
transmission spectrum directly demonstrates the coher-
ent nature of the spin-photon interface, which is required
for applications such as single photon transistors [29, 30],
deterministic Bell state analyzers [23] and quantum gates
[31, 32]. Furthermore, the high asymmetry between x-
and y-dipoles is directly visible, and we extract a ratio of
≈ 27 between the y and x dips. The detailed modelling
of the transmission data is beyond the scope of this pa-
per. Strikingly, rotating the magnetic field does not al-
ter the dip amplitudes suggesting an insensitivity of the
dipole orientations to the magnetic field. This has pre-
viously been observed in Stranski-Krastanov grown QDs
and is attributed to an anisotropic QD shape or strain
profile [33].
It is of course instructive to consider the limiting fac-
tors of the cyclicity. In principle, one can selectively en-
hance γy,wg indefinitely by approaching the PCW band-
edge at which the density of states diverges [26]. In prac-
tice, this limit is unreachable due to fabrication imper-
fections [34]. Simulations [35] predict C = 144 being
achievable at a group index of 56, corresponding to a re-
alistic Purcell enhancement of about 10 [36]. Realising
the maximal cyclicity requires positioning of the QD and
correct orientation between the QD dipoles and the PCW
mode polarization. Deterministic fabrication of a PCW
relative to a QD has already been demonstrated [37] so
additional control over the PCW rotation is feasible.
Finally, to properly evaluate our system’s usefulness
for quantum information processing applications we con-
sider quantum control of the hole spin due to its increased
coherence time over the electron spin [38, 39]. We employ
the Raman spin control scheme recently demonstrated in
Ref. [17] which allows flexible phase control of the spin
and elaborate electronically defined pulse sequences. A
circularly polarized CW laser is red detuned by ∆R from
the main optical transitions and amplitude modulated
at frequency ∆D/2 resulting in two sidebands matching
the ground state splitting. The optical field then creates
an effective coupling between |⇑〉 and |⇓〉 with Rabi fre-
quency ΩMW ∝ PR/∆R where PR is the Raman laser
power, see Fig. 4a. We first verify the existence of Rabi
oscillations between |⇑〉 and |⇓〉 by varying the Raman
pulse power and ∆R, see Fig. 4b. Applying the Ramsey
pulse sequence in Fig. 4c yields the free induction decay
of the hole spin which is fitted according to Ref. [17]
I(τ) = I0e
−(τ/T∗2 )2 , (2)
and yields a dephasing time of T ∗2 = (21.4± 0.7) ns. This
is long compared to the emitter lifetime, T ∗2 γ
XP
0 = 54,
thus allowing a considerable number of photons to be
emitted within the spin dephasing time. This hole spin
T ∗2 is on par with the performance found only in bulk-like
samples and at higher magnetic fields [27, 40], demon-
strating the capability of overcoming deteriorating noise
processes in the nanostructures despite the near-by prox-
imity of the QD to surfaces. For comparison, previous
experiments in nanostructures reported a T ∗2 = 2.11 ns
of a hole spin in micropillar cavities [12] and below one
nanosecond for electron spins in planar photonic cavi-
ties [18, 19].
To summarize, we have successfully demonstrated how
the photonic environment of a QD can be engineered
to provide broadband selective enhancement of optical
transitions resulting in cycling transitions in the Voigt
geometry. The PCW accomplishes this without the need
for high magnetic fields and QD tunability otherwise
required by a cavity. The ability to excite the QD via a
side channel enables both high fidelity spin preparation
and optical spin control. The demonstrated CXP ≈ 15
enables generation of multi-photon cluster states using
5time-bin encoding [13] and would also greatly improve
single-shot spin readout efficiency. The demonstration
of a coherent spin-photon interface will be of immediate
use for spin-photon and photon-photon quantum gates
mediated by the efficient coupling between the QD and
the PCW.
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